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ABSTRACT. The solutions available in the literature for the critical
temperature of various geometric shapes and boundary conditions are
gathered together, and a nomograph is presented, which greatly facil-
itates numerical calculation of the critical temperature for specific
cases.

Nomographs are also presented for the numerical calculation of
the time required to cause explosion in the event the temperature at
the surface of an object is held at a temperature greater than critical.
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FOREWORD

The Explosives and Pyrotechnics Division has been conducting
research and development on explosives and supplying these new
explosives, as they are needed for particular weapons, to the U. S.
Naval Ordnance Test Station and elsewhere. The problems of aero-
dynamic heating of missiles and safety in case of fire prompted the
Division to seek ways of predicting times-to-explosion at any tem-
perature for any mass of explosive or propellant. The uses of data
as evolved through adiabatic-autoignition determination are expressed
in nomographs as an aid to those who need to know how long a given
explosive warhead or complete missile assembly will be safe under
expected temperature conditions.

This report was reviewed for technical accuracy by C. D. Lind
of the Propulsion Development Department and R. G. S. Sewell of
the Weapons Development Department.

This project was supported by Task Assignment RUUO-3E-015/
216-1/F008-10-004.

N. L. RUMPP

Head, Explosives and
Pyrotechnics Division

Released under
the authority of:

F. M. FULTON
Head, Propulsion Development

Department
NOTS Technical Publication 2663
NAVWEPS Report 7646
Published by ....ccoovvivnivniiiiiii s Publishing Division
Technical Information Department
Collation ....coooeveeenerriiriececreeee e Cover, 9 leaves, abstract cards
First printing ....cococovveiniiiiiece e 175 numbered copies

Security classification .......ccoooeiiiieiiiinneniiienes UNCLASSIFIED




B e, = |

LY

*f

NAVWEPS REPORT 7646

CONTENTS
LI LEOAUCEIOMN +eoveovvessesereeneeseaeasssesesesesessnsssseecssesssn brs s Rsns SRR o808 4000 S0 S804 84 808 8 L0 LRSSt s 1
Description of the Problem ...t s s s s 2
Use 0f NOMOGIAPHS .. ocucuivuuirmmeimmsesssseieisceiess et st s 4
Critical TEMPETALULE ....c.cv..rurusiersireeserenssers it asass st e 4
TAME-0-EXPIOSION ..ovovuriumnriusireeiiniesciriss s aas b 6
CommeEnts ANA CAULIONS ..overosirrusesresessesessismesesesesssss s tssssis st b s as a8 Se8 SR SE LSt 9
Appendix: Details of Construction of NOMOGLAPhS .....vvvrrunescrriieicris st 10
REFEIENCES  -erverererisessesiosesessesesesseasassas s sbes et an s s S as s esese b o s 2a RS e b a8 10080 1L LRSS 15
NOMENCLATURE
a Exterior radius, half-thickness of slab, cm
¢ Specific heat capacity, cal/g-°C
d Differential operator
E Activation energy, cal/mole (also in kcal/mole on nomographs)
F  Function At,/pca’

F() One function of the quantity in parenthesis
f() One function of the quantity in parenthesis
b Heat-transfer coefficient, cal/cm2-sec-°C

k  Parameter in Eq. 3
log Logarithm to base 10
M Modulus cm/unit of linearly plotted variable
QZ leat release parameter, cal/g-sec
R Universal gas constant, 1.987 cal/mole-°K
Radius, distance from central plane of slab, cm
T Temperature, °K
7, Critical temperature, °K
T, Temperature of surface of object, °K
To Temperature of surroundings, °K

7, Constant temperature of surface, held at value greater than critical temperature, °K

ess
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™ 1/(1/1,-1/T)), °K
t Time, sec
t, Time-to-explosion, sec

%,y,2 Variables in formulas for types of nomographs

Z See QZ

«,8 Axes on nomographs
8 Shape factor, Eq. 4. Numerical values herein are critical values of 8, see Eq. 9
0 Dinensionless variable E(T - To)/RT¢
0s; Value of @ at surface
A Thermal conductivity, cal/cm-sec-°C
Density gm/cm?
¢( ) One function of the quantity in parenthesis
() One function of the quantity in parenthesis
@ Dimensionless distance, r/a
0 Partial differential operator

V2 Laplacian operator of vector analysis
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INTRODUCTION

It has been known for some time that many materials, including propellants and high explo-
sives, can exhibit the phenomenon of self-heating. This is the liberation of energy in the interior
of the material caused by a slow chemical reaction that is often a decomposition reaction. If this
heat is not removed from the material, the temperature of the material increases with a concurrent
increase in the rate of reaction. If the material is not disturbed, a state of dynamic equilibrium
will be reached at which heat is removed as fast as it is generated; or, if heat cannot be removed
sufficiently fast, the temperature increases more and more rapidly, and eventually the material
catches fire or explodes if it is capable of so doing.

The quantitative description of this type of situation has been relatively recent. The differ-
ential equation describing the situation is well known and may be written as

T ,
peo = AV2T + pQZ exp(-E/RT) e}

in which it is assumed that the thermal conductivity, A is independent of position and that the
energy liberated by chemical reaction is given in terms of cal/cm3-sec by the expression

pQZ exp(=E/RT). This partial differential equation is strongly nonlinear and has not been solved
until recently.

If a steady-state temperature distribution can be attained, it will satisfy the ordinary non-
linear differential equation

AV2T + pGZ exp(—E/RT) =0 (2)

Frank-Kamenetski (Ref. 1) obtained the steady-state solution for a slab with both faces held
at a constant temperature; Chambré (Ref. 2) gave the steady-state solutions for the cylinder and
the sphere with their outer surfaces held at a constant temperature; and Enig (Ref. 3) presented
the steady-state solution for the hollow cylinder with its surfaces held at constant temperatures.
Longwell and Conrad (Ref. 4) presented the solution for the hollow cylinder with its exterior sur-
face held at a constant temperature and its interior surface adiabatic. The above solutions were
all analytical and employ an approximation that represents the exponential of the reciprocal tem-
perature as an exponential of a direct temperature function. Enig, Shanks, and Southworth (Ref. 5)
made numerical solutions for the steady state, which did not use this approximation. Constant-
temperature surfaces were taken for the slab, the cylinder, and the sphere, and their results
agreed well with those found earlier for situations ordinarily encountered.

The foregoing authors all used constant-temperature surfaces. This implies relatively large
heat-transfer coefficients. Thomas (Ref. 6) obtained solutions for the steady state for the slab,
the cylinder, and the sphere as functions of the heat-transfer coefficients to the surroundings that
were taken to be at constant temperature.

Gray and llarper (Ref. 7) assumed that the thermal conductivity was large in comparison with
the heat-transfer coefficient, and they neglected temperature variations in the solid. Thus, they
were able to obtain both steady-state and transient solutions for the average temperature of the
material.

Recently, Zinn and Mader (Ref. 8) attacked the full partial differential equation (Fq. 1) by
numerical means, using high-speed computing equipment. They worked with the slab, the cylinder,
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and the sphere with the surfaces held at sufficiently high constant temperatures that a steady
state was not possible, and they determined the transient temperature distributions and the time
that would elapse before the material exploded.

Using the work of the authors cited, it is now possible to determine the steady-state temper-
ature distributions and, more important, the maximum conditions for which a steady-state solution
is possible for several combinations of geometry and boundary conditions. In some circumstances
it becomes necessary to exceed the maximum conditions for which a steady-state solution is pos-
sible, and, thus, if these conditions were exceeded for a sufficient length of time, the material
would explode. It is now possible, for constant-temperature surfaces on the slab, the cylinder,
and the sphere (corresponding to very large heat-transfer coefficients), to determine how long the
material will take to explode. This information is important to engineers who process explosives
or design weapons.

DESCRIPTION OF THE PROBLEM

The differential equation for the steady state, Eq. 2, can be put into dimensionless form as

d%0 [ k\/(do
—— + —)(—) =6 exp 0 (3)
dw w/\do
in which
pQZEa? o
8=W exp(-E/RT,) (4)
E
0=—5(T =T (5)
RTZ ( o
w=r/a 6)

and £ =0, 1, and 2, respectively, for the slab, the cylinder, and the sphere. Boundary conditions
of the type

KT, =~ Ty) + AMdT/dr), =0 (7)
become
(ha/A)0s + (d6/dw)s =0 (8)

If the dimensionless ratio ha/A is zero, the surface is adiabatic; if the ratio is infinite, the
surface assumes the temperature of the surroundings, T¢. For intermediate ratios, the surface
temperature is somewhat higher than that of the surroundings.

The critical temperature of an object is defined as the maximum temperature of the surround-
ings imposed on the object in some specified fashion for which a steady state is poss Lle. It fol-
lows, therefore, that, if the surroundings are held at a temperature greater than the critical temper-
ature for the specified situation, the object will self-heat until it ignites or explodes.

The maximum or critical values of the parameter & have been given by several authors (Ref.
1—6) for various geometries and boundary conditions. Values for the slab, the solid cylinder, and
the sphere have been given by Frank-Kamenetski and Chambré, These correspond to boundary
conditions with infinite heat-transfer coefficients and represent values of & of 0.88, 2.00, and
3.32, respectively.

Table 1 shows values of & for hollow cylinders as functions of the ratio of inner- to outer-
radius. Two sets of boundary conditions are included. The first is for the same surface tempera-




NAVWEPS REPORT 7646

TABLE 1. SHAPE FACTORS FOR THE HOLLOW C YLINDER

Shape factor, &

Radius

ratio Same temperature Adiabatic inside,

inside and outside | constant temperature outside

0.025 3.008 2.003
0.05 3.320 2.020
0.10 3.892 2.077
0.15 4.492 2.172
0.20 5.171 2.306
0.25 5.966 2.483
0.30 6.921 2.713
0.35 8.091 3.004
0.40 9.556 3.384
0.45 11.43 3.878
0.50 13.88 4.530
0.55 17.19 5.413
0.60 21.81 6.646
0.65 28.55 8.434
0.70 38.91 11.17
0.75 56.10 15.69
0.80 87.73 23.92
0.85 156.1 41.57
0.90 351.3 91.50
0.95 1405 358.4
1.00 | o0 o0

ture inside and out; the second is adiabatic inside and constant surface temperature outside.
Thus, the first set of boundary conditions corresponds to infinite heat-transfer coefficients and
the same temperature of surroundings inside and out. The values of & are those given by Enig in
Ref. 3. The second set of boundary conditions corresponds to an infinite heat-transfer coefficient
on the outside and a zero heat-transfer coefficient on the inside. The values of & for radius ratios
less than 0.35 were calculated using equations given by Conrad and Longwell in Ref. 4, and
those for the remaining ratios were derived from the results of Enig as described previously.

Table 2 gives values of & for finite heat-transfer coefficients for the slab, cylinder, and
sphere. These values were read from graphs presented by Thomas in Ref. 6 and are given as
functions of the dimensionless ratio ha/A

Knowing 8, the critical temperature may be calculated from Eq. 4, which can be arranged to
give
E
~ 2.303K log (pa®QZE/ART28)

Tn 9)
The temperatures are absolute temperatures expressed in degrees Kelvin, and the activation

energy, £, is in cal/mole; not, as it is usually quoted, in kcal/mole. The units and definitions of
the various quantities are listed in the nomenclature.

Zinn and Mader (Ref. 8) presented a graph showing the dimensionless parameter F = At./pea’
as a function of E(1/T,, - 1/T) for the slab, the cylinder, and the sphere. The boundary condi-
tions are that the surface is held at the temperature 7y, which is above the critical temperature,
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TABLE 2. SHAPE FacTors WiTH FINITE

HE~T-TRANSFER COEFFICIENTS .
Dimensionless Shape factor, )
ratio, == %
ha/A Slab Cylinder Sphere
0 0 0 0
1 0.26 0.55 0.87
2 0.42 0.91 1.47
3 0.51 1.13 1.86
4 0.57 1.28 2.13
| 5 0.61 1.39 2.31
[ 0.63 1.47 2.43
8 0.68 1.58 2.59
10 0.71 1.67 2.74
12 0.74 1.73 2.83
14 0.76 1.77 2.91
oo 0.88 2.00 3.32

|
} and thus correspond to an infinite heat-transfer coefficient to surroundings at T;. In order to cal-
| culate a time-to-explosion, ¢., the critical temperature is first calculated from Eq. 9, then the
quantity E(1/7,, — 1/T)) is calculated, and F read from the graph. Finally, ¢, is calculated from -
l the value of F,

USE OF NOMOGRAPHS

The calculations of the critical temperature and of the time-to-explosion can be done easily
| by the use of nomographs that have been constructed. These nomographs have the usual advan-
tages, such as rapidity of use, reduction of the likelihood of making errors, and the presentation
of results in desired units and can be used by persons who are not thoroughly conversant with the
calculations represented. The construction of these nomographs is described in the Appendix;
their use is describad below.

CRITICAL TEMPERATURE

The critical temperature of an object is the maximum temperature of the surroundings imposed
on the object in some specified fashion for which a steady state is possible. In order to calculate
the critical temperature using Nomograph 1, seen in Fig. 1, four quantities are needed:

1. a, the half-thickness of a slab, or the exterior radius of a cylinder or sphere,
expressed in cm.
2. The quantity pGZE, AR, expressed in°k?/cm2. Note that £ must be expressed
in cal/mole in calculating this quantity. The quantity QZ is in cal/g-sec.
3. E, the activation energy, expressed in kcal/mole.
4. The critical value of the shape factor & for the specific geometry and boundary
conditions. Values of & can be obtained as follows:
a. Slab, solid cylinder, or sphere, with infinite heat-transfer coefficient (constant-
temperature surface): use points labeled “slab,” “cylinder,” or “sphere” on the &
axis of Nomograph 1.
b. Hollow cylinder, infinite heat-transfer coefficients inside and outside, same
temperature inside and outside: use Table 1, column headed “Same temperature
insidc and outside” for proper ratio of inside-to-outside radii. .

a“,
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FIG. 1. Nomograph 1.
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c. Hollow cylinder, infinite heat-transfer coefficient outside, zero heat-transfer
coefficient inside: use Table 1, column headed “Adiabatic inside, constant
temperature outside” for proper ratio of inside-to-outside radii.

d. Slab, solid cylinder, or sphere, with finite heat-transfer coefficient: calculate
ka/\, take value of 6 from Table 2.

The use of Nomograph 1 is shown by the key. A straight line drawn between a and pGZE/AR
intersects the o axis at a point a, a straight line between the point a and the value of § intersects
the B axis at a point B, and a straight line between the point 8 and the value of £ intersects the T},
axis at a point that is read as the critical temperature, T,,. On the nomographs, the temperatures
are expressed in degrees centigrade in order to facilitate calculations.

This will be demonstrated by four examples, one for each of the four general types of situa-
tions presented above for shape factors 8.

Example 1. A solid cylinder 20 cm in diameter, composed of material having £ = 55 kcal/
mole and pQZE/AR = 1.0 x 10%° °K2?/cm?, has its exterior surface held at constant temperature.
Presume the length-to-diameter ratio is large, so the end effects are negligible, and the point
labeled “cylinder” on the & axis, corresponding to & = 2.00, is appropriate. Using @ =10 cm and
the other data as given, Nomograph 1 gives a critical temperature, T,,, of 182°C. The construction
is shown dotted on the nomograph. A numerical calculation using Eq. 9 gives 455.6°K (182.4°C).

Lxample 2. A hollow cylinder 6.0 inches in outside diameter and 3.9 inches in inside diam-
eter is held at the same constant temperature on both surfaces. £ =44 kcal/mole and pUZE/AR
=5 x10%7 °K2/cin?. Presume the length-to-diameter ratio is large, so Table 1 can be vsed. The
radius ratio is 3.9/6.0 = 0.65 and, from Table 1, & = 28.55. a = 6.0 x 2.54/2 = 7.62 cm. The crit-
ical temperature is read from Nomograph 1 as 149°C. As a check, the numerical calculation using
Eq. 9 gives 422.5°K (149.3°C).

Example 3. The hollow cylinder of Example 2 is held at a constant temperature on the out-
side, but there is no heat transfer on the inside. Table 1 is used with the radius ratio of 0.65,
giving 6 =8.434. a =7.62 cm, £ = 44 kcal/mole, and pQZE/AR =5 x 1027°K2/cm 2. The nomo-
graph gives 139°C as the critical temperature. As a check, the numerical calculation gives

412.6°K (139.4°C).

Example 4. A sphere 20 cm in diameter is suspended in an air stream, and the heat-transfer
coefficient is estimated at 2.0 Btu/ft%-hr-°F. The thermal conductivity of the material is 0.2
Btu/hr-ft-°F. E = 55 kcal/mole, and pQZE/AK = 1.0 x 103° °K2/cm?. ais 10 cm. The parameter
ha/\ must be calculated, watching units so that the result is dimensionless. In this case, & must
be converted to cal/cm2-sec-°C and k to cal/cm-sec-°C, or the radius converted to feet. Doing
the latter, a =10/(12 x 2.54) =0.328 foot and ka/A = 2.0(0.328)/0.20 = 3.28. Using Table 2, 5 is
interpolated as 1.94. The nomograph gives 182°C. The numerical calculation gives 455.3°K
(182.1°Q).

TIME-TO-EXPLOSION

The time-to-explosion, t., can currently only be calculated for the slab, the solid cylinder,
and the sphere and with the outside surfaces held at a constant temperature corresponding to an
infinite heat-transfer coefficient. This constant temperature, designated as 7, is larger than the
critical temperature for the infinite heat-transfer coefficient. The time-to-explosion, ¢,, is calcu-
lated using Nomographs 2 and 3 (Fig. 2 and 3), and the following data nre required in addition to
those required to calculate the critical temperature using Nomograph 1.

1. 7,, the constant-temperature surface, °C.
2. The quantity pc/A, sec/cm?,
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The critical temperature, Ty, is calculated for the constant-temperature surface as described
above and shown in Example 1. Nomograph 2 is used as shown by the key. It is entered with T,
and Ty, which are connected by a straight line intersecting the o axis at a point a. The point o
is connected with £ by a straight line that intersects the E/T* axis at a point where the value is
read as E/T*. This value is taken to Nomograph 3, and the corresponding point on the appropriate
E/T* axis (sphere, cylinder, or slab) is connected to the o axis by a straight line through the
point marked @, The intersection on the « axis is connected with the value of a on the a axis to
to give an intersection on the B axis, and the latter is connected with the value of pc/A by a
straight line that jntersects the f.axis at the time-to-explosion.

This calculation is illustrated by an example.

Example 5. A long, solid cylinder 10 cm in radius, composed of materials having E =55
kcal/mole, pQZE/AR =1.0 x 103°°K2/cm?2, and pe/A =500 sec/cm?, has its exterior surface
held at 240°C. The critical temperature for the constant-temperature surface was found in Exam-
ple 1 to be 182°C. Using T, = 182°C and T, =240°C, the value of E/T* is read from Nomo-
graph 2 as 13.7 cal/mole-°K. This value is used on the cylinder £/T* axis of Nomograph 3 and,
using the given values of a and pc/A, the time-to-explosion is read as 2,500 seconds. As a check
by numerical calculation, 7,, was found to be 182.4°C in Example 1. Using this value and the
given values of T; and E, E/T* is calculated as 13.55 cal/mole-°K. Again using this calculated
value and the given values of a and pc/A, ¢, is found to be 2,450 seconds.

COMMENTS AND CAUTIONS

The nomographs accompanying this report allow fairly accurate solutions of certain mathe-
matical problems, and, if physical problems are well described by the mathematics involved, the
solutions of the physical problems can be equally well determined. As a matter of fact, the phys-
ical problems are not always as simple as the mathematical problem described by Eq. 1 and the
associated imitial and boundary conditions.

The major teouble is that the reaction rate may not be well described by an expression of the
type (UZ exp(~E/RT), in which all parameters except the temperature are constants. Decomposi-
tion reactions are sometimes autocatalytic or catalyzed by small amounts of impurities, so that
the decomposition rate is a function of duration or extent of decomposition, and, if this is true to
a significant extent, the analysis described herein is not suitable. I an autocatalytic reaction,
such as the decomposition of nitrocellulose, is controlled by the use of stabilizers, the relations
used can only be valid as long as the stabilizer remains and is effective.

Appropriate values of the physical constants must be known. Determinations of thermal con-
ductivity, specific heat, and density can be relatively precise, but the measurement of the reaction-
rate parameters (JZ and E is difficult, and the accuracy of such parameters is generally much
poorer. Generally, the accuracies of these two parameters are the limiting factors on the accuracy
of determination of critical temperatures oe times-to-explosion, even though the decomposition re-
actions do appear to be well behaved.

No phase changes have been considered in this treatment. If phase changes occur, the criti-
cal temperature should not be affected appreciably, but the time-to-explosion will probably be
somewhat greater than calculated.

As a result, the values of critical temperature and time-to-explosion determined should be
considered as only approximate. They should be used with margins of safety dictated by engi-
neering judgments that are strongly influenced by the magnitude of the cost of being wrong.
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Appendix
DETAILS OF CONSTRUCTION OF NOMOGRAPHS

NOMOGRAPH 1

This nomograph solves the equation for the critical temperature.

E
T, = 5 g (10)
2.303R log(pa“GZE/ARTZ )
Rearranging Eq. 10 gives
pOZE\/[a? E
2T, logT,, =T, 1 [(——)(—) - 11
o A7 N5/ " 2303k :
which can be put in the form of Type C of Davis (Ref. 9) as
f(x) =g (x) - Fy) + ¢(2) (12)
with
f(x) =27, log T, Yl =T,
13)
) (2) .
F(y) =1 =) = =
elog [( AR I\ #02) = T30k

The value of F(y) is calculated using logarithmic charts described by Davis as Type B,
which are really addition charts (Davis Type A) in terms of logarithms. The modulus of a partic-
ular scale is defined as the distance along the scale for one unit of the linearly plotted variable.
For example, in Nomograph 1, the right-hand scale, loheled g, is actually a linear scale i Ja terms
of log a? and the modulus of this scale, Mg, was taken as 10 cm per unit change in log a2

Referring to Fig. 4, which shows an addition chart solving the equation,

fx) = F(y) + ¢(2) (14)
b 4 X 4
A ) 4
2 )
(g 5’ Y
9 i« $
A 8 C

FIG. 4. Addition Charl.
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it is necessary that

M
- MM (15)
M, +M,
and that
e . (16)
BC M,

Thus, the sel ection of two moduli automatically establishes the modulus and relative posi-
tion of the third scale.

Nomograph 1 proceeds as féllows:

First, o is calculated as

pPOZE
a=log v

with M; = 10 cm and the modulus of (pQZE)/(AR) = 2.5 cm, giving Mx = 2.0 cm and scale spacing
from o in the ratio of 4 to 1, which was used as 12 cm and 3 cm.

) + loga? an

Next, B was calculated as
B=o +log(1/8) =a —logd (18)

L
with Mo = 2.0, Ms = 10.0, giving Mg = 1.667 and scale spacing from B in the ratio of 1 to 5, which
was used as 6 cm and 30 cm. Thus,

petalZ22) ) -ro

The recurrent-variable equation shown above as Eq. 11 and 12 may now be solved. The con-
struction is shown in Fig. 5. The point F, which is located on the line connecting the given val-
ues of ¢(2) and F (y), is the location for the desired value of f(x). It is located in accordance
with the relations
L I P "
CA M y(x) + M,

- N
<

My (z)

F
|
|
|
|
|
I
|
55“-‘- |
¢ —_———l

E k==

FIG. 5. Recurrent-Variable Chart.
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EF = ———] (x) (21)
TRTERY A L
Points C and 4 are located where ¢(z) and F (y) are respectively equal to zero, and, thus,
the line CEA is between the zeros of the two scales.

For Nomograph 1, M, = Mg = 1.667, and M, = 4.575 x 1073, where M, is in terms of £/2.303R.
The scale on Nomograph 1 is marked in terms of E, using the modulus of 1.00 x 1072 cm/kcal-
mole, which is consistent with M,. The spacing between the E scalc and the 8 scale was made
24 cm, and, taking the origin of Cartesian coordinates (x,y) at the 60 kcal /mole point on the E
scale and with the other scales as shown on Nomograph 1, the points for the critical temperature,
T,, (expressed in degrees Kelvin), are located at (x,y) where

24T,
o L (22)
1, + 364.4
and
y =60 ~ 3.8611x + 0.13888x log 7,, (23)

The T,, scale was graduated in terms of degrees Centigrade and the E scale in terms of kcal/
mole, although these variables must be expressed in terms of degrees Kelvin and cal/mole, re-
spectively, in the equations.

NOMOGRAPH 2

This nomograph calculates E/7* from E, the critical temperature 7,, obtained from Nomograph
1, and the constant-temperature surface 7;, according to the equation

E/T*=E(1/T,-1/Ty) (24)
First, an addition chart (Davis Type A) is used to calculate
a=1/T*=(1/T,~-1/T) (25)
which is actually done in the form
VL =1/T, -« (26)

Moduli satisfying Eq. 15 were selected as M7, = 2.0 x 104 cm-°K, Mo = 4.667 x 10% cm-°K, and
Mr, =1.4 x 10* cm-°K, and the distances between scales T,,to T, and T, to « as 7.5 cm and
17.5 cm, respectively. The scales 7,, and T; were calculated as inverse absolute temperatures
and graduated in degrees Centigrade. The scale, o, calculated as inverse absolute temperature,
increases in the direction opposite to the other two scales.

Next, E/T* is calculated from
E/T* = (o)(E) (27)

The scale for « is linear, not logarithmic, so a nonlogarithmic multiplication chart of Type D
as described by Davis was employed. This type is constructed as shown in Fig. 6 for the equation

f(x) = F(y)/¢(2) (28)

The scales for F(y) and ¢(z) are laid out in opposite directions using the moduli M, and M,,
starting with zeros at points 4 and C, respectively. The x azis connects points 4 and C. A point,
H, is selected on the z axis with CH = h, and a temporary auxiliary scale with modulus M = kM /¥,
is constructed on the y axis starting at A. The x scale on the x axis is constructed by projecting
the auxiliary scale by means of straight lines through the point H.

A disadvantage of this type of nomograph is that the scale for f(x) is likely to be quite com-
pressed. Several permutations of Eq. 27 are possible, and it was found that the largest scales

12
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MMy My) £0x)

« M plz)

4 !

FIG. 6. Nonlogarithmic Multiplication Chart.

could be obtained by using f(x) = E/T*, F(y) = o, and ¢(z) =1/E. Rather than actually construct-
ing the auxiliary scale and doing the construction by projection, an algebraic expression for the
location of points on the x scale was derived. Taking the origin at point A of Fig. 3, letting y now
be the vertical Cartesian coordinate of the point f(x) on the x axis, and with the elevation of point
C above the horizontal axis being CJ, the expression is
y M, F (y) f(%) (29)
Cl M6+ MF(y) (=) + M/M,
Taking M, = Mg, = 4.667 x 104 em-°K, and M, = 1.8 x 10% e¢m-kcal/mole, and CJ = 60 cm, Eq.

29 becomes

60(E/T*
- (30)
(E/T*) + 38.57
which was used to compute the E/T* scale of Nomograph 2. The E scale was calculated in terms

of 1/E in mole/cal, but graduated as E in kcal/mole.

y

NOMOGRAPH 3
Zinn and Mader presented a graph of the quantity F = AT,/pca? as a function of the quantity
E/T*, showing curves for the slab, the cylinder, and the sphere. Nomograph 3 is entered with
E/T* and determines the value of log F as @, then calculates ¢, from the equation
te = Fla®(pc/N (31
The first operation amounts essentially to reading the graph to determine F for the appropriate

geometry and given value of E/T*.

The o scale was assigned a modulus (M) of 8.0 cm. A swing point was located midway be-

tween the slab axis and the o axis, 10 cm from each. The slab axis thus has a modulus of 8.0 cm.

13
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The cylinder axis was located 3 cm to the left of the slab axis and has a modulus of 8.0(10 + 3)/
10 = 10.4; the sphere axis, located 3 cm to the left of the cylinder axis, has a modulus of 8.0
(10 + 6)/10 = 12.8. In order to make o increase upward, the scales for the three shape axes in-
crease downward in terms of o however, they are graduated in terms of E/T*, which increases
upward.

Measuring y upward from a horizontal base line intersecting the a axis at ~3.00, the swing
point was located at y = 14.0 cm, and the scales on the three shape axes then were graduated in
terms of E/T* at the locations

y = 28.0 —8.0 (log F + 3.0) slab
y = 32,2 - 10.4 (log F + 3.0) cylinder (32)
y = 36.4 ~ 12.8 (log F + 3.0) sphere

in which the values of log F were read from the appropriate curve on a large scale graph supplied
by Mader.!

The next operation is to calculate 8 from

B =log Fa? = o +loga? (33)
This is done by addition. The a scale has a modulus of 10.0 cm in terms of log a?, and, as My =
8.0 cm, Mg is 4.444 cm, and the spacings of the o and a axes from the S axis are 4 and 5 cm, re-
spectively. The a scale was graduated in terms of a at the positions given by the equation
y=20loga-6 (34)
The « scale and the 8 scale are not graduated, as these intermediate results need not be read.
The final operation is to calculate ¢, from
loget, = B +log (pc/A) (35)
which is also done by addition. A modulus of the log (pc/A) scale was selected as 5.0 cm, and,
as Mg = 4.444 cm, M, = 2,353 cm in terms of log ¢,. The B and (pc/A) scales are, respectively, 8
and 9 cm from the ¢, scale. The log (pc/)A) scale was graduated in terms of (pc/A) at the position
y =5log(pc/A) (36)
The log ¢, scale is appropriately graduated in terms of ¢, expressed in seconds, and the cor-
responding positions are given by

y = 5.647 + 2.353 log¢, (¢,, seconds) (37)

However, it was believed appropriate to convert the large values of ¢, to larger units of time,
so Eq. 37 was used for a range of 1072 to 10* seconds, and the alternate equations following
were used for a larger ¢..

y = 11,015 4+ 2,353 log ¢, (¢, hours) (38)
y = 14.263 + 2.353 log¢, (¢,,days) (39)
y = 20.292 + 2.353 log ¢, (¢., years) (40)

1 Private communication to D. Lind from Charles L. Mader, September 1960.

14




NAVWEPS REPORT 7646

REFERENCES

. Frank-Kamenetski, D. A., “Diffusion and Heat Exchange in Chemical Kineties,” ACTA PHYS-

ICOCHIM (URSS), Vol. 10 (1939), p. 365.

. Chambré, P. L., “On the Solution of the Poisson-Boltzmann Equation With Application to the

Theory of Thermal Explosions,” J] CHEM PHYS, Vol. 20, No. 11 (November 1952), p. 1795.

. U. S. Naval Ordnance Laboratory. The Solution of the Steady-State Heat Conduction Equation

With Chemical Reaction for the Hollow Cylinder, by J. W. Enig. White Oak, Md., NOL, 18 April
1956. (NAVORD Report 4267.)

. U.S. Naval Ordnance Test Station. The Prediction of the Critical Temperature of Propellant

Grains, by F. H. Conrad and P. A. Longwell. China Lake, Calif., NOTS, 4 September 1959.
(NAVWEPS Report 7096, NOTS TP 2517.)

. U. S. Naval Ordnance Laboratory. The Numerical Solution of the Heat Conduction Equation

Occurring in the Theory of Thermal Explosions, by J. W. Enig, D. Shanks, and R. W. Southworth.
White Oak, Md., NOL, 1956. (NAVORD Report 4371.)

. Thomas, P. H., “On the Thermal Conduction Equation for Self-Heating Materials With Surface

Cooling,” FARADAY SOC, TRANS, Vol. 54 (January =June 1958), p. 60.

. Gray, P., and M. ]J. Harper, “Thermal Explosions, Part 1. Induction Periods and Temperature

Changes Before Spontaneous Ignition,” FARADAY SOC, TRANS, Vol. 55, Pt. 4 (April 1959),
p. 581.

. Zinn, J., and C. L. Mader, “Thermal Initiation of Explosives,” J] APPL PHYS, Vol. 31, No. 2

(1960), p. 323.

. Davis, D. S., Empirical Equations and Nomography, New York, McGraw-Hill, 1943.

15



NAVYWEPS REPORT 7646

INITIAL DISTRIBUTION

7 Chief, Bureau of Naval Weapons
DLI-31 (1)
RMMO-3 (1)
RMMP-43 (1)
RRMA (1)
RRRE (1)
RUME (1)
RUTO-2 (1)
1 Chief of Naval Research
2 Naval Air Mobile Training, Naval Air Station, Miramar
Naval Air Mobile Training Detachment, 4003 Ordnance (1)
Naval Air Mobile Training Detachment, 4030 Missile (1)
2 Naval Ammunition Depot, Crane
Code 42, Ammunition Loading Production Engineering Center (1)
Technical Library (1)
2 Naval Missile Center, Point Mugu (Technical Library)
2 Naval Nuclear Ordnance Evaluation Unit, Kirtland Air Force Base
Code 401 (1)
Vulnerability Department, W. Gordon (1)
3 Naval Ordnance Laboratory, White Oak (Library)
2 Naval Propellant Plant, Indian Head (Research and Development Department)
1 Naval Postgraduate School, Monterey
3 Naval Research Laboratory
3 Naval Weapons Laboratory, Dahlgren (Technical Library)
2 Naval Weapons Plant (Code 752)
2 Naval Weapons Station, Yorktown
1 Office of Naval Research Branch Office, Chicago
1 Office of Naval Research Branch Office, Pasadena
2 Chief of Ordnance
ORDTB (1)
ORDTU (1)
2 Aberdeen Proving Ground
Ballistic Research Laboratories (1)
ORDBG-BLI (1)
4 Army Rocket & Guided Missile Agency, Redstone Arsenal (Technical Library, ORDXR-OTL)
4 Frankford Arsenal
Pitman-Dunn Laboratory (3)
Library (1)
1 Holston Ordnance Works
1 Office of Ordnance Research, Durham
1 Ordnance Ammunition Command, Joliet
5 Picatinny Arsenal
C. J. Bain (1)
Elmer Mohrenweiser (1)

Library (3)

16




saldoo ¢ ‘pred |

A._o>ov

*sasBI
21199ds 1oy aamjerodwa) [@O1IUD 31 jo uoNEMIED [EILAUMU §318)
-1[10¥) Apeedd yorym ‘pajussaid si ydeiSowou v pue ‘zay1ado; pesoyyes
dre suonipuod Krepunoq pue sadeys d1awodd snouea jo amesadua
[eo1ILID 2y} Joj JuMBILII] 3 UL d[qe[iRAR Suonn{os 2y, ‘LIVHISAY
"AAIFISSYIONN
“(8992 d1. SLON ‘9%9L 1ioday SIAMAVN) “dd 9T 1961 Y| ‘SLON
“ji[e) ‘ajer] wutyy °[jamuor] ‘y *J £q ‘saarsojdxyg pup sjuvjjad
=044 10f uorsopdxg-o3-aut | pup ampiadwa ] wanuy) fo uonpmow:)
uonelg 183 ], 2IUBUPI() [RABYN G °[}

saldod § ‘paed |
(CELY))

*s2882
u_:oo.mw Joy aunjesadwal [BONLD 3Y) JO UONIBNI(ED [BILPWNU &8l
-1[toe} Ap1eaad yarym ‘pajuasaid si ydesdowou v pue ‘zoy1ador pasoyred
are suonipuod Lrepunoq pue sadeys 21awoad snoliea Jo aIjesaduay
[e911110 a1 10j AINjeIRII[AY] UII[qe[lEAR suolinjos Y], "LIVHULSHY
"QIALAISSYTONN
‘(6992 dL SLON °9v9L 1oday SIAMAVN) "dd 9T 1961 Yo=IN ‘SLON
“jifer) ‘ayer] euryn) ‘[em3uo] -y °d £q ‘saarsojdxy puo sjuojad
-044 40f uorsoydxyg-03-awt | puv amiaduwaj a1y fo uorwmow?)
uolieig 189, adueupi() JeAeN °G (]

so1dod ¢ ‘pred |

(1940)

‘82889
ayy109ds Joj amjesadua) [BIRII 21 JO UoneR[NI[BD [BILBWNU §alE)
-11101) Apeesd yorgm ‘pajuesasd s1 ydeiSowou v pue ‘1ay1adoey pasoqed
338 suonipuod Ampunoq pue sadeys dmjawosd snowueA jo amjerodua)
[631U2 33 Joj aImjeiNI] a3 ul dqe[ieae suolnjos Y[, "L IVHISHY
*JIIAISSVTIONN
“(899% dL SLON °‘9%9. vodey SJAMAVN) "dd 9T ‘1961 Y= ‘SLON
“Jifen ‘eyer] eulyn) ‘[em8uo 'y °J 4q ‘saarsopdxy pup syupjppad
04 40] uorsopdxy-03-awry pup amyvsadwa | wanur) Jo uormamy)
uoneI§ 182, 3dUBUPI() [BARN °S ()

sa1dod § ‘pred |

A._o> 0)

‘82882
oj1oads Io] aanjeradwa) [eONLI2 Ay JO uUoljB[NI[ED [BILAWNU SITE]
-1j19e} Apeaid yoiym ‘pajussaid st ydeJouou e pue ‘1otpador pasayred
are suonipuod Aepunoq pue sadeys J11j9Weed snouea jo anjeledwa
[eonLD a1 10] IMeIall] 3y Ul J[qe|ieAe suolinjos 3y, "LIVHLSHY
"‘@ALIISSVIONN
‘(€992 d.L SLON ‘9v9L Heday SIAMAVYN) dd ST 1961 4248l ‘SLON
“Jipen) ‘eye] eutyn) *[[emBuo *y *d &q ‘saarsojdyy puv sjuojjad
-044 40f uorsoydxg-o3-aun ] puv amysadwaj oty fo uononow)
uonelg 183 ], 3dueupa() feaeN ‘S °(]

agyvo 1oviissv




‘feonMd uey; Jateasd aumesadwe) e 1B play si 193(qo ue jo adeyms ‘[eanuid ueyy 1a1e213 aumeiadway € 18 play st 12a[qo ue jo owyINE

a3 je aumesadway 313 1UaA3 oY} ut uorso[dxa asned o} paisrnbai sun 341 1@ aameradwa) 3y I3 3y ui uoiso[dxa asned oy paimbas dwny
aY1 jo uole[NI[ed eIl WNU Y] Jo] pAudsaid os[e axe sydesFowo) Y3 JO UOLIB[ND[BI [BILIBWINU 3Y] J0f pajudsaid os[e am sydesdowoy

9¥9L 1oday SIAMAVN 9¥9L ioday SJAUAVN

‘[eonuo uey 19e2d aimesadway e je ppay st 193(qo ue jo asejns ‘[eanud uey) Jareaid ainjeraduiay e Ju play st 103(qo ve jo duyms

ay1 18 aimesadwa) ay} juaAa 3y ul uorso[dxa asned 0y paimbal awn ay1 18 aumjesaduia) 9y Juaaa 3y} Ul uotso[dxa asnea oy pannbal awny
a1y jo uone|NI[eD [BIUWNU 3Y] J0] paruasaid os[e are sydesFowo) 3] Jo UOHEB[NOEd [BILBWNY 3T 10} pajuasaid os[e are sydeidowoy

9192 110doy SAAMAVN 9¥9L 1oday SIAMAVN



1 Quartermaster Research & Development Center, Natick, Mass. (Chemical and Plastics Section)

3
3

Radford Arsenal (Library)
White Sands Proving Ground (Technical Library)

2 Headquarters, U. S. Air Force

1

AFDRD-AN (1)
Wright Air Development Division, Wright-Patterson Air Force Base (WWAD)

1 Air Proving Ground Center, Eglin Air Force Base (PGTRD

—

r—dwr—'n—'n—lr-dOn—l

— =

—

O et it et b = = BN

Air Proving Ground Center, Air Munitions Development Laboratory, Eglin Air Force Base
(ACX)
Armed Services Explosives Safety Board (LtCol Gerald Couch/R. G. Perkins)
Armed Services Technical Information Agency (TIPCR)
Bureau of Mines, Pittsburgh (Reports Librarian)
Office of Technical Services
Aerojet-General Corporation, Azusa, Calif. (Librarian) via BuWepsRep
Aerojet-General Corporation, Sacramento (Librarian), via BuWepsRRep
Allegany Ballistics Laboratory, Cumberland, Md.
American Machine and Foundry Company, Mechanics Research Division, Niles, Ill. (Classi-
fied Document Center)
American Potash & Chemical Corporation, West Hanover, Mass. (Security Officer)
Arthur D. Little, Inc., Cambridge
Atlantic Research Corporation, Alexandria, Va. (Library)
Bell Aircraft Corporation, Buffalo (Technical Library)
California Institute of Technology, Pasadena (P. A. Longwell)
E. I. duPont de Nemours and Company, Inc., Eastern Laboratory, Gibbstown, N. J.
(C. O. Davis, Assistant Director)
Franklin Institute, Philadelphia (Technical Report Library)
Grand Central Rocket Company, Redlands, Calif., (Librarian)
Hercules Powder Company, Explosives Department, Wilmington (A. M. Ball)
Jet Propulsion Laboratory, CIT, Pasadena
Lockheed Aircraft Corporation, Missiles and Space Division, Palo Alto, Calif. (Technical
Library, Reports)
Los Alamos Scientific Laboratory
Purdue University, Lafayette, Ind. (E. T. McBee, Department of Chemistry)
Princeton University, Forrestal Research Center, Princeton, N. J. (Librarian)
Rohm & Haas Company, Redstone Arsenal Research Division (Librarian)
Sandia Corporation, Albuquerque (Classified Documents Division)
Stanford Research Institute, Poulter Laboratories, Menlo Park, Calif.
The Martin Company, Baltimore (I. E. Tuhy)
U. S. Rubber Company, Research Center, Wayne, N. J. (P. O. Tawney)
University of California Lawrence Radiation Laboratcry, Technical Information Division,
Livermore (C. G. Craig)
J. Bell/M. Martin (2)
Dr. John S. Foster (2)
M. C. Larsen/W. L. Nevil (1)
Kenneth Street (1)
University of Utah, Salt Lake City (Dr. M. A. Cook)

noTS Q. 10 (ese1) TS




